SUMMARY
In the isolated rabbit hearts the presence of an electrical longitudinal dissociation in the atrial portion of the His bundle was examined by the microelectrode method. Under the normal condition no marked difference was found in the duration of the action potential of the cells at the same transverse level of the His bundle. However, the possibility of separation to at least dual pathways of the His bundle was disclosed, when the arrival time of excitation was observed or when, in addition, the site of stimulation was changed or intracellular stimulation was applied.
By passing the current intracellularly into the His bundle the electrotonic potential was found to be large in a direction parallel to the running of the His bundle while it was found to be almost zero in a direction perpendicular to it. The longitudinal electrical separation was presumed, however, not to be complete under the normal condition, because the intracellular stimulation of one tract was found to be transmitted to the other tract and the spontaneous activity of one tract was found to be conducted to the other tract. A high potassium content or low sodium content did not increase the longitudinal separation markedly in most cases. But in 1 experiment a high potassium content increased it, showing a possibility that under abnormal conditions a complete longitudinal electrical dissociation may occur. inferior vena cava about 15mm apart from the recording microelectrode. In order to have a rough estimate for refractoriness the duration of the action potential was examined. It was found in the 3 experiments that the duration of the action potential measured at 90% repolarization became slightly shorter and shorter as the microelectrode approached the A-V ring. But the difference between the longest and shortest duration was only several milliseconds (Fig.1) . The difference decreased as the stimulus frequency was increased. Such a small difference in repolarization in the normal condition does not seem to have a great significance in regard to excitation spread. Following the second series of the experimental design, the atrial portion The stimulating electrodes were placed at the crista terminalis near the inferior vena cava. A microelectrode was inserted successively into as many points of the atrial portion of the His bundle as possible in a line perpendicular to the His bundle from above to below. The duration of the action potential at such points is shown as the ordinate and the stimulus cycle length as the abscissa. At 500msec of the stimulus cycle length the duration of action potential of A, B, C, and D measured at 90% repolarization is shown. At higher stimulus frequency only that of A and D is shown, since the difference in duration of the action potential is small. A recording microelectrode was inserted and stimulating electrodes were applied as in Fig.1 . The arrival time of "D", measured by the steepest rise of the action potential, is several milliseconds earlier than that of "A", "B", and "C".
As calibration the vertical bar shows 100mV and the horizontal bar shows 40msec.
Values show the latency in millisecond measured from the beginning of the stimulus artifact to the steepest rise of the action potential.
Jap. Heart J. M ay, 1974 of the His bundle was isolated by giving cuts at its proximal and distal ends and 2 recording microelectrodes were inserted into the His bundle in a line perpendicular to its running. When a stimulation was not given, spontaneous activity appeared mostly from some point and a slow diastolic depolarization was observed more or less in many of the recordings. In such cases the duration of action potential of the 2 tracings was not always the same, when it was measured at 90% of repolarization from the top to the level of the take-off potential, as is shown in Table I , a. When stimulation was given, however, such duration became the same eventually as was observed in the first series of experiments (Table I, b) .
Excitation arrival at points in a line perpendicular to the His bundle Following the first series of the experimental design, the possibility of longitudinal separation of the His bundle in regard to depolarization was examined next. Namely, in similar experiments the arrival time of excitation was measured by the steepest rise of the action potential. In 6 experiments among 12 in which sufficient data were obtained all of the arrival times were almost the same. In the other 6 experiments, however, 2 series of different arrival Fig.3 .
Check of the level of the insertion points of the microelectrodes. Two microelectrodes were inserted at 2 points of A and B, which are similar to A and D in Fig.2 , respectively. The stimulating electrodes were placed at the crista terminalis near the inferior vena cava.
The action potentials at A and B, when stimulation was given by them, are shown in 1 with a slow sweep and in 2 with a fast sweep.
Under the condition shown in 2 , stimula-ti on was changed to the right bundle branch and the result is shown in 3 .
Calibration: 100mV and 100msec in 1, 100mV and 10msec in 2 and 3. Values are the same as in Fig.2 time were found, and the portion of the His bundle closer to the A-V ring showed an earlier arrival time. Here the difference was small and in the order of several milliseconds, but was definite. The result of the representative experiment is shown in Fig.2 . Since the distance between the points of insertion of the microelectrode was at most a few hundred microns, the difference could not be explained by the uniform conduction from one point to the other, considering the rapid conduction velocity along the His bundle fibers. In 2 experiments among these 6, possible insertion at different levels was ruled out, because the arrival time of such 2 points was found to be the same during the antidromic stimulation from the right bundle branch (Fig.3) .
In all the 3 experiments among the 12 in which all of the arrival times were the same it was found that by changing the site of stimulation to the atrial region close to the atrioventricular ring, keeping the distance from the recording microelectrode about the same, the difference of arrival time mentioned above became more conspicuous (Fig.4) .
Since the above-mentioned stimulation was done extracellularly by the Ag-AgCl electrodes, there was a possibility that the greater part of the proximal His bundle was stimulated together. Therefore, in the 2 experi- Difference of arrival time of wave of excitation at vario us points of the His bundle depending upon sites of stimulation . At each of the 3 positions in a line perpendicular to the His bundle, recordings were made by the microelectrode, when stimulation was given by the electrodes pla ced at the crista terminalis near the inferior vena cava , St (1), and at the atrial region near the tricuspid valve , St (2), alternately.
Note that, while in St (1) the difference of arrival time is small, in St (2) this amounts to about 10msec between A and B or C .
Calibration: 100mV and 30msec . Values are the same as in Fig .2 Possibility of longitudinal dissociation in high potassium or low sodium solution In a similar preparation isolated by both the proximal and distal cuts 2 recording microelectrodes were inserted into the His bundle in a line perpendicular to its running. It was confirmed that the electrotonic potential was minimal, when the current was passed from one of the microelectrode. In 4 experiments the potassium concentration of the Tyrode solution was made twice or several times the normal concentration and in 3 experiments the sodium concentration was reduced to one-half or one-fifth of the normal sodium content. In almost all the experiments the conduction time did not Fig.9 change markedly, compared with that in the control Tyrode solution. In above-mentioned experiment, where the control showed an extremely large conduction time, an apparent dissociation occurred between the electrical activity of the 2 recorded cells in a high potassium solution (Fig.9 ). If this is complete dissociation, this portion serves to pass a reciprocal beat. If this is incomplete dissociation, in addition to a similar separation in other parts the conduction time from B or C to A is so prolonged as to exceed the duration of the action potential and consequently the refractory period. Then the minimum requirement for reciprocal beat is almost filled.
DISCUSSIONS
The longitudinal dissociation of the A-V conduction system would be related clinically to the reciprocal rhythm and to predestination of the conducted impulses to the ventricle.
The most probable causes of reciprocal beats are 1) the presence of a suffi cient difference of refractory period of cells at a transverse level, and 2) complete longitudinal electrical separation of a part or the whole of the A-V conduction system. Cases of incomplete separation will be discussed later.
The result shows only a minimal difference of the duration of action potential of cells at a transverse level of the atrial portion of the His bundle. Although their refractory period was not examined, this result negates the first mechanism of the reciprocal beat under a normal condition. Duration of action potential of the 2 cells became different, however, when a spontaneous activity occurred. Under abnormal conditions it is quite possible that the refractory period of some cells of the His bundle change focally. Then the reciprocal beats can occur by this mechanism, as has been proposed by Decherd and Ruskin.12) As for the second mechanism, the result shows that the atrial portion of the His bundle is composed of at least 2 paths functionally. In one of the examples, the intracellular stimulation at 1 point of the His bundle disclosed the presence of 2 pathways with different excitation arrival time (Fig.5 ), but the fact that this stimulation was conducted to all other points at the same transverse level of the His bundle shows also that the longitudinal electrical separation is incomplete. As an example is seen in the control state of Fig.9 , the spontaneous activity of 1 cell of the one path was conducted to the other path, which shows also that the longitudinal electrical separation is incomplete in the fully recovered fibers. A large conduction time in this case suggests that the functioning transverse interconnections between the presumed 2 paths of the His bundle are few. A marked detour may be necessary for the Jap. Heart J. M ay, 1974 impulses of the one path to reach the other path. Lack of alignment of successive transverse interconnections, resulting in zigzag transverse pathways, as demonstrated anatomically in the peripheral Purkinje strands,17) may be the reason. Or a marked slow conduction velocity due to a small diameter or higher resistance of the transverse interconnections must be presumed. The finding that the transverse conduction takes several milliseconds means that one path can be vacant, i.e., unexcited for several millimeters, which amounts to be a considerable length of the main bundle of His, when an excitation wave proceeds in the other path in the longitudinal direction. This vacancy is probably filled in the more peripheral portion of the His bundle or bundle branches, as is shown by Lazzara, Yeh, and Samet.13) Even if asynchronicity due to presence of dual pathways is preserved, this amount would not mostly alter net excitation propagation, since the latecoming excitation reaches in the refractory period of the foregoing excitation, when both excitation waves meet. This situation allows, however, the following possibilities under special conditions: 1) The returning point of an atrial reciprocal beat is believed to be in the A-V node, but it can be also down in the level of the His bundle, when the dual or multiple pathways of the A-V node are present at the same time.
2) The transverse conduction can be delayed or blocked to a greater extent and the electrical longitudinal dissociation of the His bundle can be more marked or complete under some abnormal conditions. Although the result shows that the transverse interconnection is mostly strong in a solution of high potassium or low sodium content, our result (Fig.9) shows a block almost sufficient to induce a reciprocal beat. Here a block of this transverse conduction occurred also in a fully recovered state in a high potassium solution. Anderson et al14) and Myerburg et al15) showed that the transverse interconnections do not function under some conditions of incompletely recovered fibers with strands of Purkinje fibers. Since our result shows that the longitudinal separation in the His bundle is more marked in the His bundle than in the peripheral Purkinje fibers, this inability of functioning may be more marked in the His bundle in a rapid rhythm. 3) When refractory period of 2 paths becomes different in some abnormal conditions, the incomplete longitudinal separation facilitates reciprocation. If, for instance, one path is refractory after exciting by a preceding orthograde sinus impulse and a retrograde impulse of a ventricular premature beat conducts in the other responsible path, it will have more chance to enter the former now responsible path, if the transverse conduction is slow, inducing a reciprocal beat. 4) The pacemaker in the His bundle can be protected from the A-V conduction. The slow diastolic depolarization of the pacemaker may protect it from the entry of the AV conduction to some 
